Cobalt (Co) is a bio-essential trace element and limiting nutrient in some regions of the modern oceans. It has been proposed that Co was more abundant in poorly ventilated Precambrian oceans based on the greater utilization of Co by anaerobic microbes relative to plants and animals. However, there are few empirical or theoretical constraints on the history of seawater Co concentrations. Herein, we present a survey of authigenic Co in marine sediments (iron formations, authigenic pyrite and bulk euxinic shales) with the goal of tracking changes in the marine Co reservoir throughout Earthʼs history. We further provide an overview of the modern marine Co cycle, which we use as a platform to evaluate how changes in the redox state of Earthʼs surface were likely to have affected marine Co concentrations. Based on sedimentary Co contents and our understanding of marine Co sources and sinks, we propose that from ca. 2.8 to 1.8 Ga the large volume of hydrothermal fluids circulating through abundant submarine ultramafic rocks along with a predominantly anoxic ocean with a low capacity for Co burial resulted in a large dissolved marine Co reservoir. We tentatively propose that there was a decrease in marine Co concentrations after ca. 1.8 Ga resulting from waning hydrothermal Co sources and the expansion of sulfide Co burial flux. Changes in the Co reservoir due to deep-water ventilation in the Neoproterozoic, if they occurred, are not resolvable with the current dataset. Rather, Co enrichments in Phanerozoic euxinic shales deposited during ocean anoxic events (OAE) indicate Co mobilization from expanded anoxic sediments and enhanced hydrothermal sources. A new record of marine Co concentrations provides a platform from which we can reevaluate the role that environmental Co concentrations played in shaping biological Co utilization throughout Earthʼs history.
Introduction 64
The availability of bio-essential trace elements such as Fe, Mo, Zn, Co, Ni, and Cu 65 underpins the emergence, long-term evolution, and activity of life on our planet. The 66 record of trace element utilization imprinted in modern organisms is commonly thought 67 to reflect metal availability in seawater when key metalloproteins evolved (Dupont et provide a means to test the idea that environmental availability controlled the 76 evolutionary history of metal utilization. However, empirical records of metal variation 77 through time have only been described for a few trace elements. For some elements 78 (e.g., Mo), the geochemical and biological records roughly converge on and support the 79 interpretation of limited availability and biological utilization for early organisms (David 80 and Alm, 2011; Scott et al., 2008) . For other metals, the records do not match so well. 81
For instance, Zn is an especially important yet relatively late adoption in eukaryotic 82 metal-binding protein domains. As such, it was believed that Zn was relatively scarce in 83 seawater until the Neoproterozoic when the oceans became fully oxygenated (Dupont 84 et al., 2006 ). Yet, surprisingly, Zn abundance in the oceans appears to have been 85 relatively constant throughout much of Earth's history (Scott et al., 2012) , and Zn 86 Krauskopf, 1956) , although this process is not as quantitatively significant for Co as it is 179 for other metals (e.g., Cd, Zn; Algeo and Maynard, 2004; Yee and Fein, 2003) . 180
The formation of sulfide minerals governs the concentrations of Co in anoxic and 181 sulfidic waters. Cobalt sulfide is more soluble than sulfides of some other biologically 182 important elements (e.g. Cu, Zn; Saito et al., 2003) , and dissolved Co concentrations 183 below the chemocline of sulfidic waters can exceed average ocean concentrations by 184 several orders of magnitude (Dryssen and Kremling, 1990; Viollier et al., 1995) . 185 Previous calculations suggested that the formation of Co-sulfide should scavenge 186 dissolved Co from sulfidic waters (Dryssen and Kremling, 1990; Kremling, 1983 ), but 187 little evidence exists for this particulate Co phase (Saito et al., 2003) . However, field 188 observations show that some Co remains dissolved in sulfidic waters, while less soluble 189 metals (e.g., Cu, Cd) are rapidly removed (Öztürk, 1995; Viollier et al., 1995) . The 190 exchange of the bisulfide ion with water molecules hydrating dissolved Co(II) is slower 191 than with those hydrating Fe(II), likely contributing to the persistence of dissolved Co(II) 192 in sulfidic waters (Morse and Luther III, 1999) . For most sulfidic marine systems, this 193 means that while FeS is more soluble than CoS (e.g. Saito et al., 2003) 
, FeS formation 194 is kinetically favored, and Co is incorporated into FeS rather than precipitating as CoS 195
(Huerta-Diaz and Morse, 1992; Morse and Arakaki, 1993) . 196 The concentration of metals, including Co, in sulfidic waters is also buffered by the 197 formation of soluble metal-sulfide complexes (Daskalakis and Helz, 1992) , although this 198 seems to be more important for metals such as Cd, Zn, and Cu that form stronger 199 sulfide complexes. However, above 1 µM total sulfide, soluble Co-sulfide complexes will 200 reduce the dissolved Co(II) pool (Saito et al., 2003 The concentration of elements in seawater reflects a balance between delivery and 206 removal of elements via precipitation and adsorption processes (e.g. Broecker, 1971 ; 207 Krauskopf, 1956 ). To quantitatively interpret changes in the marine Co reservoir, as 208 recorded by sediments deposited under different redox conditions, we detail below 209 estimates of the fluxes of dissolved Co to seawater, and mass accumulation rates 210 (MAR) for sediments deposited under oxic, anoxic and euxinic conditions ( Table 1) . 211 212
Marine Co sources 213
The amount of Co present in the crust ultimately governs the amount of Co delivered 214 to the oceans through fluid-rock interaction. Minerals with higher Fe, Mg, and Cr 215 contents are also enriched in Co (Carr and Turekian, 1961) , specifically olivine and 216 pyroxene present in ultramafic rocks (Glassley and Piper, 1978 Gaillardet et al., 2003) . Cobalt fluxes from the continents were likely higher 220 prior to 2.5 Ga due to their more mafic compositions, after which average Co 221 concentrations in the continental crust dropped from 22 to 15 ppm (Condie, 1993) . Dust 222 can add dissolved Co to surface waters, but this process is likely to be minor and 223 geographically and seasonally restricted (Shelley et al., 2012 Co to open oceans is limited by efficient, near-field scavenging reactions in oxic 231 seawater (German et al., 1991) . Using the fluid flow volume through high-and low-232 temperature hydrothermal systems as estimated from the oceanic Mg budget by 233
Elderfield and Schultz (1996), we calculated Co fluxes out of both types of systems as 234 described by Reinhard et al. (2013 
Pyrite as a Co archive 358
The partitioning of Co into iron sulfide phases is dependent on Co and Fe 359 concentrations, but importantly for our purposes, it appears to be largely independent of 360 the amount of hydrogen sulfide (Morse and Arakaki, 1993 In order to use trace element concentrations within pyrite as proxies for seawater 369 concentrations during sediment deposition, it is essential that (1) pyrites formed within 370 the sediments that host them, and (2) the metal inventory of pyrite was not overprinted 371 by secondary alteration processes. In the absence of free oxygen in the Archean 372 atmosphere, detrital pyrite was delivered to marine sediments (Rasmussen and Buick, 373 1999). Therefore, only sulfides with early diagenetic textures (e.g. nodules or 374 disseminated grains) From shales with abundant organic carbon and sulfur and were 375 included in this study (Rouxel et 
Reconstructing changes in Co sources and sinks through Earth history 416
The datasets of Co in IF, pyrite and shale reveal time-resolved patterns in the 417 delivery of Co to marine sediments, and thereby indicate first-order changes to the 418 marine Co reservoir through time (Fig. 4) . The average Co/Ti (µg g Table 1) . 446 The Co concentrations in younger than 1.84 Ga IF are comparable to those prior to 447 2.8 Ga (Table 2), potentially indicating that weathering of mafic to ultramafic 448 Neoarchean continental crust is not an essential aspect of the large enrichments. This is 449 in contrast to Ni, whose supply to oceans from weathering of emergent oceanic 450 plateaus waned after 2.7-2.6 Ga (Kamber, However, the crustal growth rate slows and Co concentrations drop at 2.5 Ga, from 22-461 25 ppm to 15 ppm (Condie, 1993) , in the midst of the highest sedimentary Co 462 concentrations ( Fig. 4 and 5) . 463 We propose that the drop in Co concentrations in marine sediments that occurs after 464 The logarithmic range of Co concentrations in sediments, even those from the same 491 formation, is a phenomenon that has been observed for other trace elements (e.g. Zn; 492 Robbins et al., 2013; Scott et al., 2012 ). This variability is likely primary, based on 493 similar phenomena in modern authigenic sediments (Fig. 2 and 4) . For Co, this may 494 reflect temporal variability in marine Co concentrations, which is expected because Co 495 is a non-conservative element within the oceans and has an extremely short residence 496 time in seawater, 280 years by our estimate ( Although there are no significant changes in the average Co concentrations from 511
Middle Proterozoic to Phanerozoic in any of the sedimentary records (Table 2) , there is 512 significant variability in Phanerozoic euxinic shales (Fig. 5) , many of which were 513 deposited during ocean anoxic events (OAE), which reflect transient rather than 514 pervasive anoxic conditions. The average Co/Al ratios from euxinic black shales 515 deposited during the Cretaceous OAE-2A at Demerera Rise are ~2X larger than euxinic 516 sediments deposited before or after (their Fig. 9; Hetzel et al., 2009 ). This is 517 dramatically different from other redox-sensitive metals such as Mo and V, whose 518 restricted supply was exhausted during the OAE, leading to depletions of Mo and V 519 during the peak of the OAE relative to sediments deposited before and after. Cobalt is 520 mobilized from anoxic sediments (Noble et al., 2012) , and therefore increased Co burial 521 in euxinic sediments might reflect this greater reservoir during anoxic events, and in fact 522 be a proxy for low-oxygen conditions (Saito et al., 2010) . OAE Co enrichments may also 523 be linked to, or augmented by a hydrothermal Co pulse (e.g. Brumsack, 2006) . suggests that lower marine Co concentrations were not a sufficient selection pressure to 577 drive loss of the metH gene in favor of a cobalamin-independent but less efficient gene 578 (Bertrand et al., 2013) , or that key Co-binding proteins were maintained and few new 579
Co-binding proteins were acquired during genome expansion. Alternately, the 580 persistence of metH in eukaryotic phytoplankton may reflect a later acquisition (Croft et 581 al., 2005) , and it often occurs in eukaryotic phytoplankton that already contained the 582 cobalamin-independent gene (Helliwell et al., 2011) . Thus, eukaryotic metH persistence 583 may be related to its efficiency rather than Co availability. 584
Enzymes that directly bind Co rather than cobalamin also offer insight into how metal 585 availability regulates enzyme utilization. Both diatoms and eukaryotic algae can 586 substitute Co (or Cd) for Zn in the carbonic anhydrase enzyme that interconverts CO 2 587 and bicarbonate when Zn concentrations are limiting (Morel et al., 1994; Saito and 588 Goepfert, 2008) . Such substitution may be a strategy for coastal algae to deal with 589 intense metal drawdown during algal blooms (Saito and Goepfert, 2008) The hypothesis that availability dictates utilization implies that the earliest life lacked 608 strategies for acquisition of metals (Nisbet and Fowler, 1996) . However, it is clear that 609 modern organisms possess strategies to deal with limitation. Thus, the evolutionary 610 history of metal-acquisition genes may be an important consideration when comparing 611 metal availability to biological utilization, and many of these proteins are still being 612 identified (Zhang and Gladyshev, 2010) . 613 614
Conclusions 615
Trace elements are proxies for tracking marine redox evolution, but most studies 616 have focused on metals that partition strongly into anoxic or sulfidic sediments (e.g., 617
Mo). For Co, and Fe and Mn, which have short residence times in the modern ocean, 618 marine concentrations respond dynamically to changes in delivery and removal. High 619 seawater Co concentrations from ~2.8-1. 
